Head-to-Tail Intramolecular Interaction of Herpes Simplex Virus Type 1 Regulatory Protein ICP27 Is Important for Its Interaction with Cellular mRNA Export Receptor TAP/NXF1 by Hernandez, Felicia P. & Sandri-Goldin, Rozanne M.
Head-to-Tail Intramolecular Interaction of Herpes Simplex Virus Type
1 Regulatory Protein ICP27 Is Important for Its Interaction with
Cellular mRNA Export Receptor TAP/NXF1
Felicia P. Hernandez* and Rozanne M. Sandri-Goldin
Department of Microbiology and Molecular Genetics, School of Medicine, University of California, Irvine, California, USA
*Present address: Scripps Research Institute, 10550 North Torrey Pines Road, La Jolla, California, USA.
ABSTRACT Herpessimplexvirustype1(HSV-1)proteinICP27hasmanyimportantfunctionsduringinfectionthatareachieved
throughinteractionswithanumberofcellularproteins.InitsroleasaviralRNAexportprotein,ICP27interactswithTAP/
NXF1,thecellularmRNAexportreceptor,andboththeNandCterminiofICP27mustbeintactforthisinteractiontotake
place.Hereweshowbybimolecularﬂuorescencecomplementation(BiFC)thatICP27interactsdirectlywithTAP/NXF1during
infection,andthisinteractionfailedtooccurwithanICP27mutantbearingsubstitutionsofserinesforcysteinesatpositions483
and488intheC-terminalzincﬁnger.Recently,weshowedthatICP27undergoesahead-to-tailintramolecularinteraction,
whichcouldmaketheN-andC-terminalregionsaccessibleforbindingtoTAP/NXF1.Todeterminetheimportanceofintramo-
lecularassociationofICP27toitsinteractionwithTAP/NXF1,weperformedBiFC-basedﬂuorescenceresonanceenergytransfer
(FRET)byacceptorphotobleaching.BiFC-basedFRETshowedthattheinteractionbetweenICP27andTAP/NXF1occurredin
livingcellsuponhead-to-tailintramolecularassociationofICP27,furtherestablishingthatTAP/NXF1interactswithboththeN
andCterminiofICP27.
IMPORTANCE ICP27isakeyregulatoryproteinduringherpessimplexvirustype1(HSV-1)infection.ICP27interactswitha
numberofcellularproteins,andanimportantquestionaskshowtheseinteractionsareregulatedduringinfection.Weshowed
previouslythatICP27undergoesahead-to-tailintramolecularinteraction,andhereweshowthatthecellularmRNAexportre-
ceptorproteinTAP/NXF1interactswithICP27afteritshead-to-tailassociation.SeveralproteinsthatinteractwithICP27re-
quirethattheNandCterminiofICP27beintact.Theseresultsdemonstratethatthehead-to-tailinteractionofICP27mayregu-
latesomeofitsproteininteractionsperhapsthroughalternatingbetweenopenandclosedconﬁgurations.
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I
CP27isanessentialregulatoryproteinthatplaysmanydifferent
roles during herpes simplex virus type 1 (HSV-1) infection.
ICP27 interacts with a number of cellular proteins, and these in-
clude proteins that are involved in pre-mRNA splicing (1, 2),
mRNA export (3, 4), nuclear protein quality control (5), type I
interferonsignaling(6),apoptosis(7,8),andtranslationinitiation
(9, 10). ICP27-protein interactions have been demonstrated in
yeast two-hybrid screens, in vitro binding assays, coimmunopre-
cipitation experiments, and colocalization studies. The regions of
ICP27thatarerequiredforinteractionwithvariousbindingpart-
ners have been mapped by mutational analysis (11). Both the
N-terminal leucine-rich region and the C-terminal zinc ﬁnger re-
gion of ICP27 must be intact for its interaction with RNA poly-
merase II (12), mRNA export receptor TAP/NXF1 (3), and heat
shock cognate protein Hsc70 (5). How the different interactions
of ICP27 are regulated throughout infection is not well under-
stood. ICP27 is posttranslationally modiﬁed by phosphorylation
(13) and arginine methylation (14, 15), and we have shown that
phosphorylation and arginine methylation can regulate some of
ICP27’s protein interactions (15–18).
A number of cellular proteins have been shown to undergo
interactions of their N and C termini in a reversible manner that
regulates their protein interactions. These include scaffold pro-
teinssuchaszyxin(19),myosinVIIA(20),PDZK1(21),andtalin
(22), as well as the motor protein kinesin (23, 24) and Raf kinase
(25). Head-to-tail intramolecular interaction alters protein con-
formationandthusmayserveasamechanismforregulatingpro-
tein interactions. For example, HSV-1 glycoprotein D (gD) exists
intwoconformations.Intheclosedconformation,theCterminus
and the N terminus interact. When gD encounters its cellular re-
ceptor, the N and C termini are released from reciprocal interac-
tions in an open conformation, which triggers fusion (26). We
haveshownthatICP27undergoeshead-to-tailintramolecularin-
teraction (27) using bimolecular ﬂuorescence complementation
(BiFC)assays(28,29)andﬂuorescenceresonanceenergytransfer
(FRET) by acceptor photobleaching (30). We postulate that
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teract with those proteins that require its intact N and C termini.
ICP27 interacts with cellular mRNA export receptor TAP/
NXF1 in its role as a viral RNA export protein (3, 4). Interaction
with TAP/NXF1 is absolutely required for export of ICP27 to the
cytoplasm (3, 5, 31) and for export of viral RNA (31, 32). ICP27
also interacts with Hsc70 and is required for Hsc70 recruitment
into nuclear foci called VICE (virus-induced chaperone-
enriched)domains,whichappeartoplayaroleinnuclearprotein
qualitycontrolduringHSV-1infection(5,33,34).ICP27hasbeen
shown to coimmunoprecipitate and colocalize with TAP/NFX1
and Hsc70 during infection (3–5). In this report, we used BiFC
assays to demonstrate that ICP27 associates with TAP/NXF1 and
Hsc70 on a nanometer scale, and mutations within ICP27’s
C-terminal zinc ﬁnger prevented functional association. Further,
we show that interaction between TAP/NXF1 and ICP27 can be
detected only by FRET analysis upon the intramolecular head-to-
tail association of ICP27.
RESULTS
ICP27interactswithTAP/NXF1directly.ICP27colocalizeswith
TAP/NXF1duringHSV-1infection(Fig.1A),andthisassociation
requires that the N and C termini of ICP27 are intact (3). Func-
tionalassociationwithTAP/NXF1isrequiredforICP27exportto
thecytoplasm(3,4).MutantICP27-C483,488S,inwhichcysteine
residues 483 and 488 in the C-terminal zinc ﬁnger were substi-
tutedwithserineresidues,didnotcolocalizewithTAP/NXF1,and
mutant ICP27 was exclusively nuclear, even at late times after
infection (Fig. 1A). To verify that ICP27 and TAP/NXF1 physi-
callyinteract,weperformedBiFCanalysis.TheN-terminalhalfof
the yellow ﬂuorescent protein Venus (35) was fused in frame to
the N terminus of TAP/NXF1, and the C-terminal half of Venus
was fused to the C terminus of ICP27. If two proteins come into
close, nanometer-scale contact, the two halves of Venus come to-
gether and renature, and ﬂuorescence will occur (29, 36, 37). As a
positive control, we used NC-Venus-ICP27, in which the N- and
C-terminal halves of Venus are fused to the N and C termini of
ICP27 (Fig. 1B), because we have shown that ICP27 undergoes a
head-to-tail intramolecular interaction (27). Venus ﬂuorescence
was clearly seen with N-Venus–TAP/NXF1 and ICP27–C-Venus,
but ﬂuorescence was not detected with N-Venus–TAP/NXF1 and
ICP27-C483,488S–C-Venus (Fig. 1C and D). These results indi-
catethatTAP/NXF1andICP27interactonananometerscaleand
thatperturbationoftheC-terminalzincﬁngerpreventstheinter-
action.WereportedpreviouslythatNC-Venus-ICP27-C483,488S
did not undergo intramolecular interaction, indicating that alter-
ationofthezincﬁngerinterfereswithICP27’sproteininteractions
(27).
To demonstrate that the lack of ﬂuorescence with ICP27-
C483,488S–C-Venus was not due to poor expression, we per-
formedWesternblotanalysiswithcellsthatweretransfectedwith
the ICP27-Venus fusion constructs and N-Venus–TAP/NXF1.
Twenty-four hours later, transfected cells were infected with 27-
LacZ to induce ICP27 expression by VP16, because all the ICP27
constructs are under the control of the native ICP27 promoter.
Cellswereharvested8hlater.N-Venus–TAP/NXF1wasexpressed
to similar levels, and N-Venus–ICP27-C483,488S was expressed
at levels about 2-fold higher than those of ICP27–C-Venus
(Fig. 2A). Therefore, the lack of Venus ﬂuorescence in the BiFC
assay was due to the lack of intermolecular interaction of mutant
ICP27 and TAP/NXF1 and not due to poor protein expression.
Further, the interaction of ICP27 and TAP/NXF1 in BiFC assays
was a functional interaction because ICP27 was detected in the
cytoplasm at 6 and 8 h after infection (Fig. 2B).
WewantedtocorroboratethatICP27-C483,488Scannotfunc-
tionally interact with TAP/NXF1 during infection. We con-
structedanICP27viralmutantinwhichwefusedcyanﬂuorescent
protein(CFP)totheNterminusofICP27-C438,488S.Inone-step
FIG 1 ICP27 interacts directly with TAP/NXF1. (A) RSF were cotransfected
with GFP-TAP/NXF1 DNA and with ICP27 constructs carrying wild-type
ICP27 or ICP27-C483,488S and were subsequently infected with 27-LacZ for
8 h. Immunoﬂuorescent staining was performed with anti-ICP27 antibody,
andGFPﬂuorescencewasvieweddirectly.(BtoD)Cellsweretransfectedwith
NC-Venus-ICP27 (B) or were cotransfected with N-Venus–TAP/NXF1 and
ICP27–C-Venus (C) or with N-Venus–TAP/NXF1 and ICP27-C483,488S–C-
Venus (D). Twenty-four hours later, cells were infected with 27-LacZ for 8 h.
Cells were viewed directly for Venus ﬂuorescence using a Zeiss LSM 510 Meta
confocal microscope at a magniﬁcation of 20.
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yields were reduced by about 3 logs compared to those of wild-
type (WT) HSV-1 KOS (Fig. 3A). Another virus, vICP27-C–CFP,
inwhichCFPwasfusedtotheCterminusofICP27,grewtolevels
about 5 times lower than those of WT HSV-1 KOS, perhaps be-
cause the C-terminal CFP tag might sterically interfere with some
of ICP27’s interactions. The CFP C-terminal tag did not prevent
functional interaction with TAP/NXF1 because ICP27 was clearly
seeninthecytoplasmofvICP27-C–CFP-infectedcellsat10hafter
infection (Fig. 3B), when ICP27 is actively shuttling. In contrast,
cytoplasmic CFP ﬂuorescence was not seen in infection with vN-
CFP–ICP27-C483,488S (Fig. 3B). We conclude that ICP27 inter-
actsdirectlywithTAP/NXF1andthatthezincﬁngerisinvolvedin
the interaction.
ICP27interactsdirectlywithHsc70.ICP27hasbeenshownto
interactwithHsc70incoimmunoprecipitationandcolocalization
studies (5), and ICP27 is required for the recruitment of Hsc70
into nuclear foci, or VICE domains, that lie at the periphery of
viral replication compartments (5, 33, 34). These VICE domains
also contain proteasome components and have been proposed to
function in nuclear protein quality control to rid the nucleus of
proteins targeted for proteasomal degradation (5, 34). To deter-
mine if ICP27 interacts directly with Hsc70, BiFC analysis was
performedwithN-Venus–Hsc70andICP27–C-Venus.Venusﬂu-
orescence was seen at 6 and 8 h after infection (Fig. 4). Venus
ﬂuorescencewasnotdetectedwithICP27-C483,488S–C-Venusat
6 h after infection (Fig. 4A) and was greatly reduced at 8 h com-
paredtothatseenwithICP27–C-Venus(Fig.4B).Weveriﬁedthat
all Venus fusion protein constructs were similarly expressed by
Western blot analysis (data not shown).
To determine if the BiFC interaction between ICP27 and
Hsc70wasfunctional,asitwasforTAP/NXF1,cellswereviewedat
higher magniﬁcation to detect the VICE domains. Immunoﬂuo-
FIG 2 Western blot analysis of TAP/NXF1-Venus and ICP27-Venus fusion
proteins. (A) RSF were transfected with plasmid DNA encoding the proteins
indicatedandinfectedwith27-LacZtoinduceexpressionofICP27constructs.
Cells were harvested 8 h after infection, and proteins were fractionated on a
10% SDS-polyacrylamide gel and transferred to nitrocellulose. Membranes
were probed with antibodies against GFP, ICP27, and -actin as described
previously (27). Asterisks mark the protein bands. (B) RSF were transfected
with NC-Venus-ICP27 or cotransfected with ICP27–C-Venus and N-Venus–
TAP/NXF1 and later infected with 27-LacZ for 6 and 8 h, as indicated. Venus
ﬂuorescence was viewed directly using a Zeiss LSM 510 Meta confocal micro-
scope at a magniﬁcation of 63. White arrows point to Venus cytoplasmic
ﬂuorescence.
FIG 3 CFP–ICP27-C483,488S is conﬁned to the nucleus during infection.
(A) Vero cells were infected with HSV-1 KOS, 27-GFP, vICP27-C–CFP, and
vN-CFP–ICP27-C483,488S at an MOI of 1. Experiments were performed in
triplicate,andviruswasharvestedat0,4,8,16,and24hafterinfection.Plaque
assays were performed in duplicate on Vero cells. (B) RSF were infected with
vICP27-C–CFP or vN-CFP–ICP27-C483,488S at an MOI of 10 for 4 and 10 h
after infection. CFP ﬂuorescence was viewed with a Zeiss LSM 510 Meta con-
focal microscope at a magniﬁcation of 63.
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showed a diffuse nuclear and cytoplasmic distribution of Hsc70,
as we reported previously (Fig. 5A). In HSV-1 KOS-infected cells,
Hsc70canbeseentoberedistributedandconcentratedinnuclear
foci(Fig.5A).NuclearfociwerealsoevidentincellsinwhichBiFC
hadoccurredbetweenHsc70andICP27(Fig.5B).Diffusenuclear
ﬂuorescencewithsomecytoplasmicﬂuorescencewasseeninBiFC
between Hsc70 and ICP27-C483,488S (Fig. 5C), indicating that
the ICP27 zinc ﬁnger mutation affects the functional interaction
between ICP27 and Hsc70.
BiFC-based FRET after photobleaching showed that TAP/
NXF1 interacts with ICP27 during intramolecular association.
We further explored the interaction between TAP/NXF1 and
ICP27usingtheﬂuorescence-basedFRETapproachafteracceptor
photobleaching. Yellow ﬂuorescent protein (YFP) was fused to
the N terminus of TAP/NXF1, and CFP was fused to the N termi-
nus of ICP27. At 6 h after infection of transfected cells with 27-
LacZ, cells were imaged using an argon laser to detect CFP emis-
sionat458-nmexcitationandYFPemissionat514-nmexcitation.
These images are labeled prebleach (Fig. 6). The bleaching of the
acceptorproteinYFPwasperformedusinga514-nmlaserlineata
speciﬁc location in the cell marked by the circles. The change in
donor CFP ﬂuorescence was quantiﬁed by comparing prebleach
andpostbleachimages(Fig.6).Bythisprotocol,FRETisdetected
if donor ﬂuorescence increases signiﬁcantly more than that de-
tected in negative controls. In the positive control in which CFP
and YFP were both fused to ICP27, an intramolecular interaction
occurred, and donor ﬂuorescence increased signiﬁcantly
(Fig. 6A). However, there was no discernable increase in donor
ﬂorescence with CFP-ICP27 and YFP-TAP/NXF1 (Fig. 6B). This
was also the case when the CFP tag was placed on the C terminus
of ICP27 (data not shown).
Because BiFC showed that these two proteins interact on a
nanometer scale, we reasoned that ICP27 might interact with
TAP/NXF1 when its N and C termini are interacting, and the
simultaneous interaction of the N and C termini of ICP27 with
TAP/NXF1maybetooshort-livedornotstableenoughfordetec-
tion by conventional FRET. Therefore, we used a BiFC-based
FRETapproach.TheproposedinteractionofTAP/NXF1withthe
ICP27NandCterminiisshownschematicallyinFig.7.Whenthe
FIG 4 Hsc70 interacts directly with ICP27. RSF were cotransfected with
N-Venus–Hsc70 and ICP27–C-Venus or with N-Venus–Hsc70 and ICP27-
C483,488S–C-Venusasdepictedandweresubsequentlyinfectedwith27-LacZ
for 6 h (A) or 8 h (B). Venus ﬂuorescence was viewed with a Zeiss LSM 510
Meta confocal microscope at a magniﬁcation of 20.
FIG 5 Mutation of the ICP27 zinc ﬁnger affects the functional interaction of
ICP27 and Hsc70. (A) RSF were either mock infected or infected with HSV-1
KOS or 27-LacZ as indicated for 6 h. Cells were ﬁxed and stained with anti-
Hsc70 antibody as described (5). (B, C) RSF were cotransfected with N-Ve-
nus–Hsc70 and ICP27–C-Venus (B) or with ICP27-C483,488S–C-Venus (C)
as indicated and infected with 27-LacZ. At 8 h after infection, Venus ﬂuores-
cence was viewed using a Zeiss LSM 510 Meta confocal microscope at a mag-
niﬁcation of 63. White arrows point to Hsc70 nuclear foci.
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refolds so that ﬂuorescence occurs, ICP27 becomes locked in this
conﬁguration because Venus renaturation occurs through cova-
lent bonding (Fig. 7A). Thus, the N and C termini are held to-
gether in a ﬁxed position, and both ends would be accessible for
TAP/NXF1 binding. Interaction with CFP-TAP/NXF1 would re-
sult in ﬂuorescence energy transfer to donor CFP before photo-
bleaching of the Venus acceptor (Fig. 7B). If FRET occurred be-
fore photobleaching of the acceptor, then the donor ﬂuorescence
should increase after photobleaching, because there is no longer a
ﬂowofexcited-stateenergyfromthedonortotheacceptor.Thisis
in fact what occurred. We observed an increase in donor ﬂuores-
cence after acceptor photobleaching (Fig. 7C). The interaction
was functional because in vNC-Venus-ICP27-infected cells that
were transfected with CFP-TAP/NXF1, the infected cell express-
ing CFP-TAP/NXF1 showed that NC-Venus-ICP27 was exported
to the cytoplasm (Fig. 7D).
Percent FRET was calculated from FRET efﬁciencies that were
quantiﬁedbyanalysisofatleast30bleachedregionsofinterestfor
eachFRETexperiment,asdescribedbelowinMaterialsandMeth-
ods. This is shown graphically in Fig. 8 for NC-Venus-ICP27 and
CFP-TAP/NXF1 at 6 and 8 hours after infection, respectively
(middle).CFP-ICP27-YFP,whichservedasthepositivecontrol,is
shown at 6 and 8 hours after infection (Fig. 8, top). FRET was not
detected for CFP-ICP27 and ICP27-YFP, as we reported previ-
ously(27),becauseICP27head-to-tailintermolecularinteraction
does not occur and thus served as a negative control (Fig. 8, bot-
tom left). FRET was also not detected between CFP-ICP27 and
YFP-TAP/NXF1 (Fig. 8, bottom right). We conclude that TAP/
NXF1interactswithboththeNandCterminiofICP27,whichare
in an intramolecular head-to-tail association.
DISCUSSION
Theinitialgoalofthisstudywastodetermineifwecoulddemon-
strate direct interaction in vivo between ICP27 and TAP/NXF1
and between ICP27 and Hsc70, as both of which colocalize and
coimmunoprecipitate with ICP27. We used ﬂuorescence-based
approaches and showed that both TAP/NXF1 and Hsc70 interact
directly in vivo and that ICP27’s C-terminal zinc ﬁnger must be
intact for functional interaction. This was also the case for head-
to-tailassociationofICP27,asshownpreviously(27).Wefurther
determined that interaction with TAP/NXF1 is dependent upon
head-to-tail intramolecular interaction of ICP27. This was dem-
onstratedusingBiFC-basedFRETinwhichtheNandCterminiof
ICP27 are ﬁrst required to undergo intramolecular interaction to
allow Venus refolding before FRET can occur with CFP-TAP/
NXF1.AlthoughthepercentFRETseenwithCFP-TAP/NXF1and
NC-Venus-ICP27 was somewhat lower than that seen with NC-
Venus-ICP27 alone (Fig. 8), this is likely because intramolecular
interaction would be kinetically favored over intermolecular in-
teraction.
Several cellular proteins have been shown to fold into a head-
FIG 6 Interaction between CFP-ICP27 and YFP-TAP/NXF1 was not observed by FRET after acceptor photobleaching. (A) RSF were transfected with
CFP-ICP27-YFPandwereinfectedwith27-LacZfor6h.MergedimagesdepictingthecolocalizationofYFP-ICP27andCFP-ICP27areshown,withtheregions
ofinterestfordonorandacceptorimagesbeforeandafterbleachingcircled.QuantiﬁcationofFRETforthecircledregionsisdisplayedgraphicallyasﬂuorescence
intensity over time. (B) RSF were transfected with CFP-ICP27 and YFP-ICP27 and were then infected with 27-LacZ for 6 h. Merged images depicting the
colocalization of CFP-ICP27 and YFP-TAP/NXF1 are shown, with the regions of interest for bleaching circled. Quantiﬁcation of FRET for the circled regions is
displayed graphically as ﬂuorescence intensity over time, as described in Materials and Methods. FRET analysis was performed by using an LSM confocal
microscope at a magniﬁcation of 63.
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proteins. For example, NHERF1/EBP50 folds in a head-to-tail
conformation that inhibits the interaction of its PDZ domains
with ligands (38). The scaffold protein PDZK1 undergoes a head-
to-tail intramolecular interaction that negatively regulates its in-
teraction with EBP50 (21). Zyxin, which is an adhesion protein,
prevents binding to the vasodilator-stimulated phosphoprotein
(VASP)throughhead-to-tailintramolecularinteractionforregu-
lation of actin assembly (19). The large cytoskeletal protein talin
regulates its interaction with integrins, actin, and vinculin by un-
dergoing intramolecular interaction through its N and C termini
(22). Thus, ICP27 may regulate its interactions with proteins that
interact with both its N and C termini through head-to-tail in-
tramolecular association.
Nuclear magnetic resonance (NMR) structural analysis of the
N-terminal 160-amino-acid region of ICP27, encompassing the
leucine-rich region, the nuclear localization signal, the RGG box
RNAbindingdomainandbindingsitesforTAP/NXF1(3),Hsc70
(5), RNA polymerase II (12), RNA export factors Aly and Ref (4),
and SR protein kinase (2), showed that it is highly ﬂexible and
appears to be intrinsically disordered (16, 39). Intrinsically, un-
foldedproteinshavebeenfoundtoundergodynamicinteractions
of coupled binding and folding events (40). The large number of
protein interactions that ICP27 undergoes are likely possible be-
cause of this ﬂexibility in structure. We have reported that phos-
phorylation and arginine methylation regulate some of ICP27’s
protein interactions (16–18). Both of these modiﬁcations cause
local structural changes, which may increase or decrease ICP27’s
afﬁnity for a binding partner. Similarly, intramolecular associa-
tion would also alter conformation, and the head-to-tail interac-
tion may interchange between open and closed conﬁgurations,
serving to regulate ICP27 interactions with some proteins. We
have shown that the N-terminal leucine-rich region and the
C-terminal zinc ﬁnger must be intact for intramolecular interac-
tion (27), and here we showed that the zinc ﬁnger is required for
functionalinteractionwithTAP/NXF1andHsc70.Futurestudies
willaddresswhatregulatestheexchangebetweenopenandclosed
states in the intramolecular interaction.
MATERIALS AND METHODS
Cells, recombinant plasmids, and viruses. Rabbit skin ﬁbroblasts (RSF)
and Vero cells were grown on minimal essential medium supplemented
with 10% fetal bovine serum. Plasmids pN-Venus-ICP27-C-Venus, pN-
Venus-ICP27, pICP27-C-Venus, pN-CFP-ICP27-C-YFP, pN-CFP-
ICP27, and pICP27-C-YFP were described previously (27). Plasmid
pICP27-C483,488S was generated by site-directed mutagenesis of
pSG130B/S, which carries the wild-type ICP27 gene (41), using a Strat-
ageneQuikChangekit.PlasmidpICP27-C483,488S–C-Venuswascreated
by site-directed mutagenesis of plasmid pICP27-C-Venus. Plasmid
pICP27-C–CFP was constructed from plasmid pSG130B/S (41) by engi-
neering an EcoRI site to disrupt the ICP27 stop codon at amino acid 512.
CFP cDNA was ligated into the EcoRI site using EcoRI linkers. Plasmid
pCFP-TAP/NXF1wasconstructedbyligatingTAP/NXF1cDNAinframe
into pEYFP-C1 (Clontech). To construct pN-Venus-TAP/NXF1, pCFP-
TAP/NXF1wasdigestedwithAgeIandBspItoreleaseCFP.Theendswere
modiﬁedtocreateanEcoRIsite,andsequencesfromtheﬂuorescentpro-
teinVenus(35),correspondingtoaminoacids1to154,wereinsertedinto
the EcoRI site. Plasmid pN-Venus-Hsc70 was similarly constructed from
pGFP-Hsc70 (5).
HSV-1 strain KOS, ICP27 mutants 27-LacZ (42) and 27-GFP (green
ﬂuorescent protein) (15), and vNC-Venus-ICP27 (27) were described
previously. To construct recombinant viruses expressing ICP27-C–CFP
and N-CFP–ICP27-C483,488S, Vero cells were cotransfected with the
corresponding plasmid DNA encoding the CFP-ICP27 fusion proteins
and HSV-1 viral DNA to allow homologous recombination. Cells were
overlaid 48 h after transfection with 2% agarose in phosphate-buffered
saline (PBS) and were monitored for cyan plaques. Five rounds of plaque
puriﬁcation were performed, and the correct insertions were conﬁrmed
by sequencing. Recombinant viruses were termed vICP27-C–CFP and
vN-CFP–ICP27-C483,488S.
FIG 7 BiFC-FRET after photobleaching demonstrates the interaction of
TAP/NXF1 with ICP27 upon head-to-tail association. (A) Schematic repre-
sentation of BiFC for NC-Venus-ICP27. (B) Model showing FRET between
CFP-TAP/NXF1 and NC-Venus-ICP27. (C) RSF were transfected with CFP-
TAP/NXF1 and were subsequently infected with vNC-Venus-ICP27 at an
MOI of 10. Merged images depicting the colocalization of ICP27 with TAP/
NXF1areshown,withtheregionsofinterestcircledbeforeandafterbleaching
of the acceptor. Quantiﬁcation of FRET for the circled regions is displayed
graphically as ﬂuorescence intensity over time. FRET analysis was performed
as described in the legend to Fig. 6. (D) RSF were transfected with CFP-TAP/
NXF1 and were subsequently infected with vNC-Venus-ICP27 for 6 h. Venus
andCFPﬂuorescencewerevieweddirectlyusinganLSMconfocalmicroscope
at a magniﬁcation of 63.
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KOS, 27-GFP, vICP27-C–CFP, and vN-CFP–ICP27-C483S,C488S at a
multiplicityofinfection(MOI)of1.Experimentswereperformedintrip-
licate,andviruswasharvestedat0,4,8,16,and24hafterinfection.Plaque
assays were performed in duplicate with Vero cells.
Immunoﬂuorescence.RSFgrownonglasscoverslipsweretransfected
with plasmid DNA encoding wild-type ICP27 (pSG130B/S) or ICP27-
C483S,C488SandwithplasmidDNAencodingTAP/NXF1-GFP(3)using
Lipofectamine2000,and18hlater,cellswereinfectedwith27-LacZatan
MOI of 10 to induce expression of ICP27 constructs, which are under the
control of their native promoters, by VP16. Cells were ﬁxed at 8 h after
infection with 3.7% formaldehyde and were stained as described previ-
ously (5) with anti-ICP27 monoclonal antibody (P1119; Virusys). GFP
ﬂuorescence was visualized directly. For infections with vICP27-C–CFP
and vN-CFP–ICP27-C483,488S, RSF were infected with each virus at an
MOIof10.Cellswereﬁxedat4and10hafterinfection,andCFPﬂuores-
cencewasvisualizeddirectlyusingaZeissLSM510Metaconfocalmicro-
scope at a magniﬁcation of 63.
BiFC. BiFC analysis was performed in transient transfection assays as
described previously (27). RSF were either transfected with N-Venus/
ICP27/C-VenusplasmidDNAorwerecotransfectedwithN-Venus–TAP/
NXF1 and ICP27/C-Venus; N-Venus–TAP/NXF1 and ICP27-
C483,488S–C-Venus; N-Venus–Hsc70 and ICP27–C-Venus; or
N-Venus–Hsc70 and ICP27-C483,488S–C-Venus in glass-bottom cul-
ture dishes (MatTek Corporation) using Lipofectamine 2000. Eighteen
hoursaftertransfection,cellswereinfectedwith27-LacZatanMOIof10.
FIG 8 Analysis of percent FRET over time. RSF were transfected with the constructs indicated and were subsequently infected with 27-LacZ or with
vNC-Venus-ICP27,asindicated.FRETafteracceptorphotobleachingwasperformedbyphotobleachingtheacceptorproteinVenusorYFPataspeciﬁclocation
withinthecellusingthe514-nmlaserlineat100%transmission.Thechangeindonorﬂuorescencewasquantiﬁedbycomparingprebleachandpostbleachlevels
of CFP ﬂuorescence from the images. The FRET efﬁciency (EF) obtained from at least 30 different bleached regions of interest was calculated as described in
Materials and Methods. FRET efﬁciency is shown as percent FRET over time. Experiments were performed in triplicate. Error bars are shown.
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Metaconfocalmicroscopeatamagniﬁcationof20toviewﬁeldsofcells
andatamagniﬁcationof63toobserveintracellulardetails.BiFCimages
were always taken with the same acquisition settings. The gain and offset
were always exactly the same for the 514-nm laser line. The settings were
determined by the positive control ﬁrst, so that the images are not too
bright, and all subsequent images were taken with the same settings. Im-
ages were taken directly, and the brightness/contrast was not changed
after the image was taken.
FRET by acceptor photobleaching. Plasmid DNA encoding N-CFP–
ICP27-C–YFP or N-YFP–TAP/NXF1 was transfected into RSF grown on
glass-bottom dishes. Cells transfected with N-CFP–ICP27-C–YFP were
infected with 27-LacZ. Cells transfected with N-YFP–TAP/NXF1 were
infected with vN-CFP–ICP27. CFP-YFP FRET by acceptor photobleach-
ing was performed at 8 h after infection using an LSM 510 Meta confocal
microscope to detect emission from CFP, excited at 458 nm, and YFP,
which was excited at 514 nm, as described previously (30). In this proce-
dure, the acceptor protein, YFP, was photobleached at a speciﬁc location
within the cell using the 514-nm laser line. The change in donor ﬂuores-
cencewasquantiﬁedbycomparingprebleachandpostbleachimages.The
FRETefﬁciency(EF)fromatleast30differentbleachedregionsofinterest
was calculated using the following formula:
EFIpostbleachIprebleach⁄Ipostbleach
where“I”istheaverageCFPﬂuorescenceintensityafterbackgroundsub-
traction. Using the LSM 510 Meta software, the average ﬂuorescence in-
tensities of the background (area outside the cell) for the acceptor and
donor were measured, and these values were subtracted from average
intensities in the regions of interest before and after bleaching
For BiFC-based FRET after photobleaching, RSF were transfected
with N-CFP–TAP/NXF1 for 18 h and were then infected with vN-Venus/
ICP27/C-Venus (27) at an MOI of 10. CFP-Venus FRET after acceptor
photobleaching was performed by photobleaching the acceptor protein
Venus at a speciﬁc location within the cell using the 514-nm laser line at
100% transmission. The change in donor ﬂuorescence was quantiﬁed by
comparing prebleach and postbleach levels of CFP ﬂuorescence from the
images. The FRET efﬁciency (EF) from at least 30 different bleached re-
gions of interest was calculated as described above. FRET efﬁciency is
shown as percent FRET over time in Fig. 8. Experiments were performed
in triplicate.
Western blot analysis. RSF were transfected with pN-Venus-ICP27-
C-Venus or pSG130B/S or were cotransfected with pN-Venus-TAP/
NXF1 and pICP27-C-Venus or with pN-Venus-TAP/NXF1 and pICP27-
C483,488S-C-Venus. Cells either were mock infected or were infected
with27-LacZfor8h.Infectedcellmonolayerswereharvestedbyscraping
thecellsinto2electrophoresissamplesolution(12).Proteinswerefrac-
tionated on a 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel and
transferred to nitrocellulose. Membranes were probed with antibodies
against GFP (Clontech Living Colors), ICP27, and -actin (Sigma-
Aldrich), as described previously (27).
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